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An axion can make the electroweak phase transition strongly first-order as required for electroweak
baryogenesis even if it is weakly coupled to the Higgs sector. This is essentially because the axion
periodicity naturally allows the structure of phase transition to be insensitive to the axion decay
constant that determines the strength of axion interactions. Furthermore, the axion can serve as a
CP phase relevant to electroweak baryogenesis if one introduces an effective axion coupling to the
top quark Yukawa operator. Then, for f between about TeV and order 10 TeV, the observed baryon
asymmetry can be explained while avoiding current experimental constraints. It will be possible to
probe the axion window for baryogenesis in future lepton colliders and beam-dump experiments.
Electroweak baryogenesis (EWBG) is one of the most
attractive ways to explain the observed baryon asym-
metry of the Universe [1–3]. For successful EWBG, the
Standard Model (SM) needs to be extended so that the
electroweak phase transition (EWPT) is strongly first-
order and an extra source of CP violation is present [4–
10]. The connection to EWPT has led to consider new
physics near the electroweak scale with significant cou-
plings to the Higgs sector. However, it would then be
difficult to reconcile EWBG with the observed proper-
ties of the SM-like Higgs boson and LHC null results for
new particle searches so far while avoiding the constraints
from electric dipole moments (EDM) in association with
CP violation relevant to baryogenesis.1
In this paper we present a scenario for EWBG where
an axion φ weakly coupled to the Higgs sector induces a
required strong first-order phase transition. The poten-
tial of the extended Higgs sector possesses a discrete shift
symmetry, φ→ φ+ 2pif , and is written
V = V (|H|2, sin θ, cos θ), (1)
where H is the Higgs doublet, and θ = φ/f . Let us
consider a simple model where φ couples to the Higgs
squared operator2
V0 = λ|H|4 +µ2|H|2−M2 cos(θ+α)|H|2−Λ4 cos θ, (2)
and so φ plays a crucial role in EWPT for 0 < µ2 < M2.
The potential shape is determined by the constant phase
α and the ratio between M and Λ, but is insensitive to
f as the dependence on it arises only radiatively. This
1 The limit on electron EDM has recently been improved by about
one order of magnitude [11], constraining more severely the con-
ventional EWGB scenarios.
2 The axion-dependent potential terms can be generated nonper-
turbatively in a controllable way, for instance, see Ref. [12]. An
example of a UV completion for the effective axion couplings to
the Higgs squared (2) and to the top quark Yukawa operator (8)
is presented in the appendix.
has an important implication that the phase transition
in the weak coupling limit, i.e. at large f , is not SM-like
differently from other scenarios. If one increases f , the
field distance between potential minima gets large at the
same time, |∆φ| = f |∆θ| ∼ f  |∆H|, and consequently
the structure of phase transition remains approximately
the same. This explains why EWBG is viable even if φ
feebly couples to the Higgs sector.
One may wonder if a singlet scalar can play a similar
role in EWPT as the axion. Let us consider a simple
extension with a singlet s where the high temperature
potential develops a minimum at s = H = 0, and a
singlet-dependent Higgs mass squared is negative in a fi-
nite range of s. We assume that the Higgs mass squared
has a minimum at s = s0 and the electroweak vacuum
appears there. A first-order phase transition is achieved
if the potential has a proper profile in the region between
s = 0 and s = s0. It is possible to suppress the sin-
glet coupling to H while maintaining the shape of the
potential V (|H|2, s/s0), if one increases s0 accordingly
and imposes a specific hierarchical relation among sin-
glet couplings.
How large can f be without spoiling EWBG? It turns
out that a strong first-order phase transition is possible
for f even larger than 106 GeV. A more stringent bound
comes from the observed baryon asymmetry. To imple-
ment EWBG, one needs sizable CP violation at the phase
interface, which can be provided for instance by an effec-
tive axion coupling to the top quark Yukawa operator. In
such case, the axion itself corresponds to the CP phase
and should have f lower than order 10 TeV to gener-
ate sufficient baryon asymmetry during phase transition.
This is because the wall width increases with f , which
reduces baryon asymmetry for a given source of CP vi-
olation. On the other hand, a lower bound on f comes
from the Higgs searches and results because φ mixes with
the Higgs boson, and also from the EDM searches asso-
ciated with the CP violation for baryogenesis. Those
constraints can be avoided for f above about 1 TeV. For
f in the multi-TeV range, it would be possible to probe
our scheme by future experiments for axion-like particle
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For large f above the electroweak scale, H is much
heavier than φ. Thus, for a qualitative understanding of
a phase transition, one can approximately explore EWPT
using the effective potential of a single light field, φ, con-
structed by integrating out the heavy Higgs field via its
equation of motion, i.e. by replacing H with the classical
solution of ∂V (H, θ)/∂H = 0 [13]:
Vˆ = −Λ4 cos θ + ∆V (θ), (3)
which is parameterized by
Λ, α,  ≡
√
2λΛ2
M2
, (4)
for µ fixed by imposing the Higgs vacuum expectation
value, v = 246 GeV, at temperature T = 0. Here we take
α ≥ 0 without loss of generality. To simplify our dis-
cussion, we further approximate thermal corrections to
include only those to the Higgs mass squared. Then, ∆V
is non-vanishing in the interval of θ where M2 cos(θ+α)
is larger than the thermal-corrected Higgs mass squared.
The effective potential of φ is enough to discern which
region of the parameter space leads to a strong first-
order phase transition. After a qualitative description
of EWPT, we provide precise results taking a two-field
dimensional analysis with full one-loop thermal correc-
tions.
The upper plot of Fig. 1 illustrates how a first-order
phase transition is driven by the axion. At high temper-
ature (blue curve), a large thermal mass for H leads to
∆V = 0, and the minimum of Vˆ is located at θ = 0. An
interval of θ where H is tachyonic appears and increases
as the Universe cools down, and two degenerate minima
are developed at θ = 0 and θc at the critical temperature
Tc (orange curve). The electroweak minimum, θ = θc,
becomes the true vacuum at a temperature below Tc be-
cause it is deeper than the symmetric one, θ = 0. In the
lower plot, we show the contour plot of the potential at
T = Tc in the (θ, h) plane. The potential develops two
minima separated by a barrier, and its behavior along
the dashed line is described by Vˆ .
Let us explicitly examine the parameter region where
EWPT is strongly first-order for the case with Λ =
130 GeV. In the white region of Fig. 2, the axion-Higgs
coupling induces a strong first-order phase transition,
i.e. vc/Tc > 1, where vc is the Higgs vacuum expectation
value at Tc. The blue region leads to no phase transition
since the symmetric minimum is deeper than the elec-
troweak minimum, while the green region leads to the
same situation as in the SM phase transition. In the red
region, a first-order phase transition takes place, but not
strong. The orange region is excluded because there is a
potential barrier between two minima at T = 0. If there
remains a barrier at T = 0, the vacuum transition rate
is significantly suppressed for f above TeV, making the
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FIG. 1. Temperature-dependent potential for Λ = 80 GeV,
α = 1.4 and  = 0.4. Here we have approximated thermal
corrections to include only those to the Higgs mass squared.
In the upper plot, which shows the effective potential Vˆ , the
blue curve is for T ≥ TSM with TSM being the SM critical
temperature. The yellow, green and red curve are the po-
tentials at T = Tc, T2 and 0, respectively. The lower plot is
the potential at T = Tc in the axion and Higgs field space,
where brighter color represents a higher potential value and
Vˆ describes the potential along the dashed line.
symmetric minimum metastable. For concreteness in the
later discussion of baryogenesis, we choose a benchmark
parameter point
Λ = 130 GeV, α = 1.4,  = 0.8, (5)
as marked by a star in the figure. The benchmark case
leads to a strong phase transition, vc/Tc ' 3, with
Tc ' 68 GeV and T2 ' 54 GeV. Here T2 denotes the tem-
perature at which the barrier disappears. One also finds
that the axion mass reads mφ ' 17 GeV × (f/TeV)−1,
and the axion-Higgs mixing angle is given by δ ' 0.1 ×
(f/TeV)−1, which makes the axion detectable at collid-
ers. The estimated values are slightly changed depending
on f if one includes radiative and other thermal contri-
butions in the potential.
Now we move on to analyzing the phase transition in
detail and examining the constraints on f . Electroweak
bubbles of the broken phase are nucleated at a temper-
ature below Tc and expand. The bubble nucleation rate
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FIG. 2. EWPT for Λ = 130 GeV. A strong first-order
phase transition occurs in the white region. The symmetric
minimum is deeper than the electroweak minimum in the blue
region, while it is metastable in the orange region. The green
and red regions are excluded because the transition is not
first-order as in the SM, and is weak first-order, respectively.
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FIG. 3. Bubble action for the benchmark case (5). The solid
lines show S3/T for f = 0.2, 0.5, 1, 1.5, 2 TeV from right to
left, respectively, where full one-loop thermal corrections have
been included. The dashed lines are obtained by taking only
thermal corrections to the Higgs mass squared. The dotted
horizontal line is added to estimate Tn.
per unit volume is roughly given by T 4e−S3/T , and it ex-
ceeds the Hubble rate when S3/T ≈ 130, which defines
the nucleation temperature Tn. Here S3 is the Euclidean
action of an O(3)-symmetric critical bubble [14, 15]. Note
that S3 = 0 below T2 because there is no potential barrier
between two minima.
Fig. 3 shows S3/T as a function of T for various val-
ues of f in the benchmark case (5), where we have used
the cosmoTransition python package to find a bubble so-
lution through the overshooting-undershooting method
[16]. The dashed lines are obtained simply by the poten-
tial V0(h, φ) including only the thermal corrections to the
Higgs mass squared, for which T2 ' 54 GeV regardless
of f as one can see in the figure. On the other hand, the
solid lines show the bubble action evaluated by taking
the full one-loop potential of h and φ at finite tempera-
ture [17], V (h, φ), which depends radiatively on f . The
nucleation temperature is determined by the intersection
of each solid line with the dotted horizontal line, and it
approaches to T2 as f increases. Here the barrier disap-
pearing temperature is given by T2 ' 57 GeV.
It is interesting to notice that the Higgs contributions
to the bubble action can be approximated by integrating
out the Higgs field since the importance of its kinetic
term gets suppressed as f increases. Consequently, S3
is approximately given by f3 times some function of Λ,
α,  and T . This feature can be understood because the
action is written
S3 = 4pif
3
∫
x2dx
(
h′2
2f2
+
θ′2
2
+ V (h, θ)
)
, (6)
showing that the Higgs contribution from h′ is suppressed
by f2. Here V includes radiative and thermal correc-
tions, and the prime denotes a derivative with respect
to x ≡ r/f with r being the radial distance from the
center of the bubble. The approximate scaling behav-
ior, S3 ∝ f3, reflects the fact that the effective poten-
tial Vˆ (φ) can describe well the phase transition and the
tunneling occurs mainly along the axion direction if φ is
much lighter than h, that is, for large f .
Our scenario leads to Tn rather close to T2 compared
to other scenarios, but the duration of phase transition,
∆tPT, is short enough to complete the first-order phase
transition before the barrier disappears. In fact, a more
relevant requirement is that the time scale of generating
baryon asymmetry, ∆tBG, should satisfy
m−1φ < ∆tBG < ∆tPT, (7)
where we have used that it takes time ∼ m−1φ for φ to
settle down to the true vacuum after quantum tunnel-
ing. Since baryogenesis takes place outside bubbles via
electroweak sphaleron processes, its time scale is the in-
verse sphaleron rate in the symmetric phase, ∆tBG ∼
T 3/(Γsph/V ), where Γsph/V ∝ T 4 is the sphaleron rate
per unit volume [18, 19]. For large f , the bubble action
shows the scaling behavior, S3 ∝ f3, and S3/T is approx-
imately linear in T during the phase transition. It thus
follows that the duration of phase transition, which corre-
sponds to the inverse of the time derivative of S3/T [20],
is roughly given by ∆tPT ∼ 10−2 × (MPl/T 2)(TeV/f)3,
where MPl is the reduced Planck mass. Note that the
above condition (7) puts an upper bound on f because
both mφ and ∆tPT are sensitive to f . For the benchmark
case, baryogenesis requires f below or around 106 GeV.
To evaluate baryon asymmetry generated during the
phase transition, one needs to specify the source of CP
44
8
12
ηB=161011EDM
LEP
10 20 30 40 50 60 70
0.0
0.1
0.2
0.3
0.4
1 3 5 7 9 11 13
LwTn
x
t
f [TeV]
FIG. 4. Baryon asymmetry for the benchmark case (5) in
the presence of an effective axion coupling to the top quark
Yukawa operator. The red region is ruled out by the electron
EDM constraint from ACME I [26], which requires |de| <
8.7× 10−29 ecm, while the light red region is ruled out by the
recent measurement of ACME II, |de| < 1.1× 10−29 ecm [11].
The blue region is not compatible with the LEP results for
Higgs searches.
violation. In our scenario, the axion mixes with the Higgs
boson and its field value changes during phase transition.
Taking this into account, we introduce an axion coupling
to the top quark Yukawa operator, eiθ q¯L3tR3H, to get
CP violation for baryogenesis.3
The effective top quark Yukawa coupling is then writ-
ten
Yt = yt + xte
i(θ+β), (8)
for positive constants yt and xt, taking an appropriate
field redefinition. Thus, the axion plays the role of a CP
phase, and the top quark acquires a mass whose phase
varies across the wall depending on the bubble profile.
Note that the above axion coupling is subject to the EDM
constraints if there is a relative phase between the Higgs
and axion couplings to the top quark, that is, between
yt + xte
iθ0+β and ixte
iθ0+β with θ0 = 〈φ〉/f at T = 0
[24–26]. It is clear that the EDM constraints depend on
β, but EWBG is insensitive to it for xt  1 because what
matters in baryogenesis is the phase difference of the top
quark mass across the wall.
For the benchmark case, we show in Fig. 4 the parame-
ter region where the correct amount of baryon asymmetry
3 There are EWBG scenarios where the evolution of a misaligned
axion field induces CP violation for baryogenesis [21–23].
is obtained while avoiding the electron EDM constraint.
Here we have taken β ' −θ0 so that the EDM contribu-
tion from the axion is maximized. The observed baryon
asymmetry, ηB = (8.2 – 9.4) × 10−11, can be explained
for f below around 10 TeV if one takes xt < 0.3. One
can also see that the EDM constraint is important only
for f around or below TeV. If one takes a different value
of β, the EDM constraint gets weaker, and the generated
baryon asymmetry is slightly modified by a factor of or-
der unity for xt above 0.1. It should be noted that ηB
is sensitive to the bubble dynamics, and our results are
obtained under the assumptions summarized below. A
more careful study will be necessary to estimate the relic
baryon asymmetry precisely.
The analysis assumes that the bubble profiles for h
and φ are approximated by a kink, 1 − tanh(z/Lw),
where z is the distance from the wall. The wall width
Lw is numerically obtained by examining the S3 criti-
cal bubble configuration, or equivalently S4 as a time
evolution of S3 after bubble formation [14], and the re-
lation between f and Lw is shown in Fig. 4. For a thick
wall with LwTn > 10, the numerical computation suffers
from instability when finding an inhomogeneous solution
of the transport equations [27–31], and so we estimate
the baryon asymmetry by performing an extrapolation,
ηB ∝ xt(Lw/L0)n1+n2 ln(Lw/L0), with constants ni and
L0.
4 The baryon asymmetry also relies on the wall veloc-
ity vw at a stationary situation, which can be computed
based on the fluctuation-dissipation theorem using that
the pressure on the wall [32] is determined by the poten-
tial difference between the broken and symmetric phases.
We find that the benchmark case leads to vw ' 0.07.
Let us continue to discuss the experimental constraints
on the axion properties and the future testability of our
scenario. The LHC measurements [33], which require
the Higgs signal strength relative to the SM prediction
to be above 0.8, constrain axion-Higgs mixing and Higgs
decay into axions. For the benchmark case, one needs
f above 340 GeV, and the lower bound on f would in-
crease to 1.4 TeV if the Higgs signal rate is measured
at a sub-percent level in future lepton colliders [34]. A
more stringent constraint comes from the Higgs searches
at LEP because axion-Higgs mixing allows the process,
e+e− → Zφ [35]. In the benchmark case, φ should be
lighter than about 20 GeV to avoid the LEP bound, im-
plying f > 850 GeV. For 2mµ < mφ . 5 GeV, there
is also an important constraint coming from rare meson
decays, in particular from B+ → K+µ+µ−. To evade it,
4 In this paper we shall focus on the case where baryon asymmetry
is mostly produced away from a bubble wall after diffusion. If the
wall is much thicker, with LwTn ∼> 100, diffusion effects are less
important and the dominant contribution to baryon asymmetry
is generated across the wall. A successful realization of baryoge-
nesis in such a limit has recently been discussed in Ref. [13].
5one needs Br(φ→ µ+µ−)× sin2 δ . 6×10−7 [37], imply-
ing roughly sin δ . 2×10−3×(mφ/GeV). The constraint
is thus strong for f > 3.4 TeV in the benchmark case,
but is avoidable if φ couples to the QCD anomaly or a
hidden sector.
For the case that φ changes the phase of the top mass,
there is a constraint coming from cosmology and beam-
dump experiments searching for axion-like-particles if the
axion has an anomalous coupling to photons, φFF˜ [36].
Those constraints rule outmφ smaller than 0.5 GeV, from
which we find the upper bound on f to be about 35 TeV
in the benchmark case. It is thus weaker than the bound
from the observed baryon asymmetry. In the presence of
an axion-photon coupling, axion-Higgs mixing generates
extra EDMs [37, 38]. It should be emphasized that our
model naturally avoids the EDM constraints for f above
about 3 TeV because the baryon asymmetry is suppressed
by 1/fn with n < 1, whereas the axion-induced EDM
is strongly suppressed by 1/f2. As denoted in Fig. 4,
although the ACME II experiment has recently improved
the limit on electron EDM by one order of magnitude,
our model for baryogenesis is still viable in a wide range
of parameter space and does not require any accidental
cancellation.
Taking into account the constraints discussed above,
we find that the viable range of the axion mass is ap-
proximately between 1.3 GeV and 20 GeV in the bench-
mark case, which is obtained for the axion with f between
0.85 TeV and 13 TeV. Interestingly, recasting the present
LHC data to the search for axion-like particles sets limits
on f for the indicated axion mass range [39, 40]. High-
luminosity LHC collisions are thus expected to probe our
scenario. The axion window can also be tested at future
lepton colliders [41].
Finally, we comment on how the viable parameter
range changes when one considers a case different from
the benchmark case. If one moves away from the orange
region in Fig. 2, Tn and T2 get higher, and thus the Higgs
vacuum expectation value at Tn decreases and the phase
transition is weakened. As a result, the size of CP vi-
olation associated with the top quark is reduced during
phase transition, lowering the upper bound on f . On
the other hand, if one approaches to the orange region,
the upper bound on f can be released, but instead, suc-
cessful baryogenesis would require tuning of the parame-
ters. The benchmark case has been chosen to implement
baryogenesis without severe tuning while allowing large f
as possible. On the other hand, the lower bound on mφ
becomes weaker if one takes smaller  since the axion-
Higgs mixing is proportional to it. In this case, the LHC
constraints on the Higgs properties get stronger than the
LEP bound, restricting severely the parameter space to
give, for instance, mφ . O(40) GeV for  ∼ 0.2.
In this paper we have explored an axion-extended
Higgs sector where EWPT is strengthened enough to im-
plement EWBG even when the axion is feebly coupled to
the Higgs sector. This is owing to the axion periodicity,
which makes the profile of the scalar potential insensitive
to the strength of axion interactions. The structure of
phase transition remains approximately the same under
the change of the value of f . It is also interesting that
the axion itself can serve as a CP phase for EWBG
if one considers an effective axion coupling to the top
quark Yukawa operator. In such case, axion-induced
EWBG can account for the observed baryon asymmetry
of the Universe while evading the current experimental
constraints if f lies in the range between about TeV and
order 10 TeV. Note that roughly the axion mass reads
mφ ∼ v2/f , and the axion-Higgs mixing angle is given
by sin δ ∼ αv/f . Therefore it will be possible to probe
our scenario by future lepton colliders and beam-dump
experiments.
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Appendix
Let us discuss how to generate effective axion couplings
relevant to axionic electroweak baryogenesis. The axion-
dependent potential terms
−Λ4 cos θ −M2 cos(θ + α)|H|2 (9)
have been considered to make electroweak phase transi-
tion strongly first-order, and the axion coupling to the
top quark Yukawa operator
xte
iθHq3t
c (10)
has been added as an example of CP violation for baryo-
genesis. Here we have used two-component Weyl spinors.
It is obvious that the above interactions break shift sym-
metry, θ → θ + (constant), but respect the discrete shift
symmetry, θ → θ + 2pi, as required by the axion period-
icity.
It is possible to generate the axion interactions in a
controllable way if one considers nonperturbative effects
breaking the axion shift symmetry. As an explicit ex-
ample, we consider additional vector-like lepton doublets
L + Lc and singlets N + N c which are charged under a
hidden QCD confining at Λc, and have interactions
yHLN c + y′H†LcN +mLLLc +mNNN c. (11)
Note that the above interactions preserve the axion shift
symmetry. For mN < Λc < mL, the heavy lepton dou-
blets are integrated out to induce an effective mass term
6N
N
H
H
L
N
N t
t
T
S
H
+ +
χ
q
q
q
+ · · ·
2
Γχ→qqq = (1)
φ
N¯
N
· · ·
1
FIG. 5. Feynman diagrams for effective axion couplings.
After hidden quarks N + N¯ condensate, the axion mixes with
the hidden meson (lower panel) due to the anomalous ax-
ion coupling to hidden QCD, and consequently couples to
the Higgs squared operator (upper left panel) and to the top
quark Yukawa operator (upper right panel).
for N +N c, (
mN +
yy′
mL
|H|2
)
NN c. (12)
The axion shift symmetry can be anomalous under hid-
den QCD if it is linearly realized and spontaneously bro-
ken while making some hidden quarks massive. Then,
the axion has a coupling
1
32pi2
θF F˜ , (13)
where F is the field strength of hidden QCD, and F˜ is
its dual. The light hidden quarks N +N c condensate at
Λc, breaking the associated chiral symmetry. As a result,
there arise potential terms,
−Λ4c cos(θN + θ)−
(
mN +
yy′
mL
|H|2
)
Λ3c cos θN ,(14)
at energy scales below Λc. Here θN ≡ arg(NN c) denotes
the meson field. The first term induces axion-meson mix-
ing, and thus leads to
∆Veff ≈ −
(
mN +
yy′
mL
|H|2
)
Λ3c cos θ, (15)
after integrating out the heavy meson. It should be noted
that the effective axion coupling to the Higgs squared
operator is controllable because it vanishes in the limit
that the hidden QCD gauge coupling goes to zero. The
Feynman diagrams for the effective axion coupling are
presented in Fig. 5.
The axion coupling to the top Yukawa operator can
be generated in a similar way. Let us introduce lepton
singlets N + N c, vector-like top quark partners T + T c,
and a real scalar S with masses, mN , mT , and mS , re-
spectively. They have interactions
λSNN c + λ′STtc + κHq¯3T c, (16)
which preserve the axion shift symmetry. For mT , mS 
mN , it is straightforward to see that the low energy ef-
fective theory of N+N c, which are colored under hidden
QCD, is described by(
mN +
2κλλ′
m2SmT
Hq3t
c
)
NN c. (17)
For mN < Λc, the hidden quarks condensate to give
Λ4c cos(θN + θ) +
(
mN +
2κλλ′
m2SmT
Hq3t
c
)
Λ3c cos θN , (18)
where the first term arises from the axion anomalous cou-
pling to hidden QCD. Thus, integrating out the heavy
meson θN leads to
∆Leff ≈
(
mN +
2κλλ′
m2SmT
Hq3t
c
)
Λ3c cos θ, (19)
showing that the axion couples to the top Yukawa oper-
ator, which is essentially due to axion-meson mixing in-
duced by the axion anomalous coupling to hidden QCD
that breaks the axion shift symmetry. Fig. 5 illustrates
how the effective axion coupling to the top Yukawa op-
erator arises.
The mass parameters in the potential (9) and the cou-
pling in the interaction (10) are given in terms of the
couplings of high energy theory,
Λ4 = mNΛ
3
c ,
M2 =
yy′Λ3c
mL
,
xt =
2κλλ′Λ3c
m2SmT
, (20)
and the constant phase α in (9) is determined by
arg(yy′)− arg(mNmL). Hence the benchmark case with
Λ = 130 GeV, M = 100 GeV and xt = O(0.1) is ob-
tained for instance by taking Λc ∼ TeV, mN ∼ 0.3 GeV,
mL ∼ 100 TeV, and mS ∼ mT ∼ 2 TeV for Yukawa
couplings of order unity.
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